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Abstract: The Morgan–Morgan–Finney (MMF) model is a widely used semi-physically based soil
erosion model that has been tested and validated in various land use types and climatic regions.
The latest version of the model, the modified MMF (MMMF) model, improved its conceptual
physical representations through several modifications of the original model. However, the MMMF
model has three problematic parts to be corrected: 1) the effective rainfall equation, 2) the interflow
equation, and 3) the improperly normalized C-factor of the transport capacity equation. In this
commentary, we identify and correct the problematic parts of the MMMF model, which should
result in more accurate estimations of runoff and soil erosion rates.
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1. Introduction
The Morgan–Morgan–Finney (MMF) model [1] is a semi-physically based model used to
estimate the amount of annual runoff and soil eroded froma field or a catchment. Similar to physically
based models such as SWAT [2], EUROSEM [3], LISEM [4], and WEPP [5], the MMF model has the
properties of both physically based and empirical models and provides an in-depth understanding of
soil erosion processes by using physical concepts. Moreover, the MMF model, similarly to empirical
models such as USLE [6] and RUSLE [7], maintains a conceptual simplicity by using semi-empirical
relationships and does not require the excessive parameters and computing resources [1,8–10]. For
this reason, the MMF and the revised MMF (RMMF) [8] models have been applied and validated
in a variety of climatic regions and land use types [1,8,11–18]. In the latest version of the MMF, the
modifiedMMF (MMMF) [9], hydrological processes were improved by considering the slope angle in
the calculation of effective rainfall and introducing interflow processes. In addition, the soil erosion
processes of the MMMF model were improved by introducing gravitational deposition process,
generalizing the effect of ground surface on sediment deposition and transportation, and considering
the characteristics of each soil particle type [9,10]. These modifications allow the MMMF model
to consider physical aspects of terrain and soil surface conditions more effectively than previous
versions of the MMF model. However, we argue that errors persist in effective rainfall, interflow,
and transport capacity equations, which ultimately affects the model outputs in certain conditions.
Despite these errors, however, the MMMF model was implemented and used in several studies
without apparent consideration of the problematical parts (i.e., Setiawan [19] and Lilhare et al. [10]).
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In addition, one of the problematical parts of the MMMF model, the problematic slope adjustment
factor of effective runoff, was used in the Modified-RMMF-2014 model of López-Vicente et al. [20].
The objective of the present study is to identify and correct the problematic terms concerning:
(1) a trigonometric error in the calculation of effective rainfall (Rf ),
(2) a quantity estimation error in the calculation of interflow (IF), and
(3) an improperly normalized C-factor in the transport capacity equation (TC).
2. Problematic parts of the MMMF model
2.1. Trigonometric error in the calculation of effective rainfall
The MMMF model represents the catchment through several interconnected elements, each of
which has a uniform slope, land cover, and soil type. In the MMF model, effective rainfall is the
primary source of the hydrological processes, which regulate surface runoff and the soil erosion
processes. The MMMFmodel calculates effective rainfall (RfMMMF; mm) while considering the slope
of a given element by using the following equation (Morgan and Duzant [9], eq. (1)):
RfMMMF = R · (1− PI) ·
1
cos(S)
, (1)
where R (mm) is the mean annual rainfall, PI is the area proportion of the permanent interception of
rainfall, and S (◦) is the slope of an element.
However, we argue that in order to calculate effective rainfall correctly, cos(S) should be used as a
sloping adjustment factor rather than 1
cos(S)
as described in Sharon [21] and Tani [22]. We demonstrate
our claims through mathematical proof and in Figure 1.
S
A = A′ · cos(S)
A
′
S
P
R =
P
A
R
′ =
P
A′
Figure 1. Conceptual representation of a hillslope with a slope angle of S (◦). A (m2) is the area of a
horizontal plane, and A′ (m2) is the projected area of A on a hillslope.Because the volume of rainfall
(P; L) is the same for both A and A′, the rainfall per unit area for both areas are PA (= R; mm) and
P
A′
(= R′; mm). From the trigonometric rule, R′ is equal to R · cos (S).
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Let us consider an element on a hill slope with an angle of S (◦). Assuming that the area in
the horizontal plane is A (m2) and its projected area on the element is A′ (m2), the trigonometric
relationship between A and A′ is
A = A′ · cos(S). (2)
Because the total volume of rainfall (P; L) is the same for both A and A′ (Figure 1), the amount of
rainfall per unit area for A and A′ can be calculated as
R =
P
A
(3)
R′ =
P
A′
. (4)
From the equations (2), (3), and (4), we can estimate the rainfall per unit surface area on a hillslope
(R′; mm) with the rainfall of the area (R; mm).
R′ =
P
A′
=
P
A
· cos(S) = R · cos(S) (5)
If the element has areas with permanent interception of rainfall (PI), the effective rainfall per unit
surface area (Rfcorrected) should be calculated as
Rfcorrected = R
′ · (1− PI) = R · (1− PI) · cos(S). (6)
Thus, the slope adjustment factor should be cos(S) rather than 1
cos(S)
in order to calculate effective
rainfall (Rf ) considering the slope.
2.1.1. Consequence of the error in calculating effective rainfall
Owing to the problematic slope adjustment factor of the effective rainfall suggested by Morgan
and Duzant (2008), the model overestimates the effective rainfall when the slope of an element
increases, as shown in Figure 2.
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Figure 2. (a) Relative values of effective rainfall based on the slope invariant effective rainfall of the
Morgan–Morgan–Finney (MMF) and revised MMF (RMMF) models (RfMMF/RMMF) as a function of
slope angle. (b) Extent of overestimation of effective rainfall from the MMMF model (RfMMMF) to
the corrected value (Rfcorrected) as a function of slope angle. The dashed gray lines in (b) indicate the
extent of overestimation and the corresponding slope angles.
Considering that the MMFmodel and its variants have been applied in mountainous areas with
steep hillslopes, as listed in Table 1, the MMMF model has a high risk of overestimation of effective
rainfall.
Table 1. Previous studies in which the Morgan–Morgan–Finney (MMF) model and its variants, the
revised MMF (RMMF) and the modified MMF (MMMF), were applied to steep hillslopes
Source Year Model Site Slope condition
Feng et al. [16] 2014 RMMF Guzhou catchment, China >55◦ (15.8% of total area)
35◦ - 55◦ (45.3% of total area)
25◦ - 35◦ (20.7% of total area)
15◦ - 25◦ (9.2% of total area)
0◦ - 15◦ (9.0% of total area)
Lilhare et al. [10] 2014 MMMF Gamber watershed, India Steep topographic gradient
Tesfahunegn et al. [17] 2014 RMMF Mai-Negus catchment, Ethiopia Maximum slope of 73◦
Setiawan [19] 2012 MMMF Kejajar Sub-district, Indonesia >31.0◦ (42.9% of total area)
16.7◦ - 31.0◦ (28.3% of total area)
8.5◦ - 16.7◦ (16.1% of total area)
0.0◦ - 8.5◦ (11.7% of total area)
Li et al. [15] 2010 RMMF Zuli River Basin, China Maximum slope of 45◦
Pandey et al. [14] 2009 RMMF Dikrong river basin, India >45◦ (21.0% of total area)
36◦ - 45◦ (1.8% of total area)
16◦ - 35◦ (12.8% of total area)
<15◦ (64.4% of total area)
Vigiak et al. [12] 2005 RMMF Kwalei catchment, Tanzania >11.3◦ (50% of total area)
Gikuuri catchment, Kenya 1.1◦ - 28.8◦ (mean: 10.2◦)
In the case of Setiawan [19], the MMMF model overestimated effective rainfall by at least 136%
of the corrected value at areas with a slope greater than 31.0◦, which account for most of the research
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site. If the MMMF model had been applied to the site of Tesfahunegn et al. [17], it would have
overestimated effective rainfall 3.4 times more than that in the previous versions which do not
consider the slope and 11.7 times more than the corrected value for the area with the maximum
slope angle. According to the sensitivity analysis of Morgan and Duzant [9], the model outputs of
surface runoff and soil loss are highly sensitive to effective rainfall. Moreover, the overestimation
can be greater on downslope elements where the overestimated runoff from upslope accumulates.
Therefore, the trigonometric error in the calculation of effective rainfall may lead to incorrect results
to a significant degree if the model is applied to a large watershed with steep slopes.
2.2. Quantity estimation error in calculating interflow
2.2.1. Incorrect formula in the interflow equation
The MMMF model considers interflow (IF; mm) as the daily mean amount of subsurface water
that flows from an element to downslope elements in one year. The interflow from upslope elements
(IF(CE); mm) affects runoff generation processes at an element by reducing the soil moisture storage
capacity of the soil (Rc; mm). The MMMFmodel uses the following equation to calculate subsurface
interflow (IFMMMF; mm) from an element (Morgan and Duzant [9], eq. (13)):
IFMMMF =
(
R− E− Q
365
)
· (LP · sin(S)) , (7)
where R (mm) is the mean annual rainfall per unit area, E (mm) is the annual evaporation per unit
area, Q (mm) is the annual runoff per unit area, LP (md−1) is the saturated lateral permeability as a
unit of velocity, S (◦) is the slope angle of an element, and 365 is the number of days in one year. The
first part of equation (7) corresponds to the daily mean soil water of one year (SW; mm). The second
part of the equation is the velocity (md−1) of the interflow of an element, which can be interpreted as
the travel distance of interflow during one day (m) for daily time steps.
In the MMMF model, the unit of IFMMMF is defined as volume per unit area (Lm
−2 = mm), which
is similar to other hydrological quantities in the model (i.e., R, Rf , Rc, E, and Q). However, the unit
of interflow in equation (7), which is depth multiplied by velocity (or length for daily time steps),
contradicts the definition of IFMMMF as depth (mm) in the model.
We argue that the interflow equation is improperly formulated and that the IFMMMF has the wrong
unit. Let us consider the interflow generated from an element i, as shown in Figure 3.
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Figure 3. Conceptual representation of interflow between two adjacent elements i and j. Here, A, w,
l, Rc.max, and S represent the surface area, width, length, maximum soil moisture storage capacity,
and slope angle of each element, respectively. Because daily mean soil water is SW and the travel
distance of soil water during one day is LP · sin(Si), the daily mean volume of soil water flowing from
an element (VSW) is SW · LP · sin(Si) · wi. Because the interflow produced from the element i (IFi) is
equal to VSW per unit surface area of the element, IFi should be
SW ·LP·sin(Si)·wi
Ai
, and the inflows of
subsurface soil water from the contributing area to the element j (IF(CE)j) should be
SW ·LP·sin(Si)·wi
Aj
.
The IFi and the IF(CE)j have different values when the surface areas of the elements i and j are
different.
The daily mean soil water over one year (SW) is
SW =
R− E− Q
365
. (8)
Because the travel distance of interflow during one day is equal to LP · sin(S), the volume of interflow
during one day is
VIF = SW · LP · sin(Si) · wi. (9)
VIF is the depth of soil water (SW) multiplied by the travel distance of the interflow (LP · sin(S)) and
the width of the element (wi), as represented in Figure 3. Equivalent to other hydrological quantities,
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the quantity of interflow (IFi) is the total volume per surface area of an element. Therefore, IFi can be
calculated as
IFi =
VIF
Ai
=
SW · LP · sin(Si) · wi
Ai
=
SW · LP · sin(Si)
li
. (10)
According to equations (8) and (10), interflow (IFcorrected) should be calculated as
IFcorrected =
(
R− E−Q
365
)
· (LP · sin(Si)) ·
1
li
=
IFMMMF
li
. (11)
Therefore, the additional term of 1li
is required for the interflow equation of Morgan and Duzant
[9]. Furthermore, with this term, IFcorrected has the correct unit of depth (mm). The dependence of
interflow on slope length is obvious, as shown in the lateral flow equation of the widely used SWAT
model (equation 2:3.5.9 of Neitsch et al. [2]), because the SWATmodel also uses water volume per unit
area. We derived the same formula of IFcorrected by using the theoretically well-established Darcy’s
law in the supplementary material of this article.
2.2.2. Discrepancy between generated and transferred interflow
Another problem exists in the interflow equation even if IFcorrected is used rather than IFMMMF.
As shown in Figure 3, the generated interflow from the element i flows into the element j. Because
the total volume of interflow (VIF) is the same for both elements, the interflow into the element j
(IF(CE)j) should be
IF(CE)j =
VIF
Aj
6=
VIF
Ai
= IFi. (12)
The discrepancy between generated and transferred interflow is attributed to the different surface
areas of the elements. If using raster maps in the MMMF models (Figure 3), as is performed in most
MMF model studies, the extent of the discrepancy can be calculated as
IFi
IF(CE)j
=
VIF
Ai
·
Aj
VIF
=
lj
li
=
cos(Si)
cos(Sj)
. (13)
Therefore, the discrepancy is larger if the difference in slope between adjacent upslope and downslope
elements is significant. Similar discrepancies between adjacent elements can also be found in every
matter exchange processes of the MMMF model (i.e., surface runoff, interflow, and sediment).
Problems of the discrepancy can be solved by using the water volume or the total sediment mass
for transferring water and sediments and dividing the volume or total mass by the surface area of the
receiving element.
2.2.3. Consequence of the error in calculating interflow
Owing to the incorrect formula in the interflow equation of Morgan and Duzant [9], the MMMF
model overestimates interflow when the slope length of an element increases. However, the model
underestimates interflow if the slope length of an element is less than 1m. Figure 4 shows the extent of
the overestimationwhen theMMMFmodel is applied to raster maps such as a digital elevationmodel
(DEM). For a DEM with a certain resolution (res; m), the width (w) and the length (l) of each element
are equal to res and res
cos(S)
. Therefore, the extent of overestimation of the interflow is dependent on
the slope of an element and the resolution of the DEM.
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Figure 4. Extent of the overestimation of IFMMMF compared with IFcorrected as a fraction of
IFMMMF
IFcorrected
by slope and resolution. (a) General pattern for maximum resolution of 100m. (b) Pattern for
fine-resolution section. Values larger (smaller) than one indicate overestimation (underestimation).
In the case of Setiawan [19], who applied the MMMFmodel using a DEMwith 0.05m resolution
for a maximum slope of 41◦, the MMMFmodel estimated at most only 7% of the corrected interflow.
In the case of Lilhare et al. [10], who applied the MMMF model using a DEM with 90m resolution,
the extent of overestimation was more than 90 times compared with the corrected interflow.
Owing to the discrepancy between the generated and transferred interflow, the model overestimates
the interflow from contributing elements to a receiving element when the receiving element is steeper
than the contributing elements, as shown in Figure 5. In addition, the model underestimates the
interflow from contributing elements when they are steeper than the receiving element. The extent of
the discrepancy increases with the increase in slope differences between contributing and receiving
elements.
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Figure 5. Extent of the discrepancy between the generated interflow from a contributing element and
the transferred interflow to a receiving element.
Because errors in the calculation of interflow are positively correlated with the size, slope, and
rate of change in the slope of elements, the model is not suitable for steep mountainous terrain with
complex topography. Furthermore, the interflow affects the quantity of surface runoff by affecting
the amount of the soil moisture storage (Rc), as shown in eq. (10) of Morgan and Duzant [9].
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2.3. Improperly normalized C-factor in the transport capacity equation
The MMF model uses a crop cover management factor (C-factor), which is the ratio of soil loss
under a given surface condition (actual condition) to that from a bare ground condition (reference
condition) based on the empirical values of Universal Soil Loss Equation (USLE) cropping (C) and
erosion control (P) factors [1]. In the MMMFmodel, Morgan and Duzant [9] the C-factor is calculated
by modifying the ratio of soil loss to the ratio of runoff velocity under an actual condition as that
of the reference condition. This modification allows the MMMF model to generalize the empirically
based C-factor by usingmeasurable physical quantities. As a result, the model can consider the effects
of surface roughness, rill depth, and vegetation structure on soil erosion in addition to the effect of
crop cover management on soil erosion. However, we argue that the C-factor used in the MMMF
model is not properly normalized in the course of combining multiple velocities (i.e., va, vv, and vt)
corresponding to different surface condition types. As a consequence, if the model considers more
than one surface condition type, the unitless C-factor contains the inconsistent units of the velocity or
the squared value of velocity. The MMMFmodel calculates the C-factor as (eqs. (39)–(41) of Morgan
and Duzant [9])
CMMMF =
va · vv · vt
vb
, (14)
where va, vv, and vt are runoff velocity considering the rill condition, vegetation cover, and surface
roughness, respectively. vb is the runoff velocity for the reference condition of unchanneled overland
flow over smooth bare ground. Moreover, adding and subtracting variables are allowed in the
MMMF model, according to the surface condition. Assuming that only one of the surface condition
types is considered in the model, the C-factor for each surface condition type should be calculated as
Ca =
va
vb
(15)
Cv =
vv
vb
(16)
Ct =
vt
vb
. (17)
As described in the MMMF model, all surface condition types are considered independently from
each other, which means that a surface condition type is not affected by other surface condition types.
Therefore, for the combination of the surface condition types, the C-factor should be calculated as
Ccorrected =
va
vb
·
vv
vb
·
vt
vb
=
va · vv · vt
vb3
. (18)
According to equation (18), Ccorrected is unitless because each velocity is normalized by the reference
velocity. Even if some surface condition types are missing or added, the unit of the factor remains
constant.
2.3.1. Consequence of improper normalization of the C-factor
According to Petryk and Bosmajian [23], rill depth (hydraulic radius) acts as an accelerator of
the runoff velocity, whereas vegetation and surface roughness act as resistors of the runoff velocity.
Therefore, the C-factor should be increased when the model additionally considers a surface with
a rill depth deeper than that of reference surface condition (0.005m). On the contrary, the C-factor
should be decreased when the model additionally considers vegetation cover and surface roughness
of an element. However, for hillslopes in which va, vv, and vt are faster than 1ms
−1, the C-factor
of the MMMF model sharply increases by a factor of the added runoff velocity even if the model
additionally considers vegetation cover or surface roughness. For slopes with runoff velocities lower
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than 1ms−1, the C-factor is underestimated when the model additionally considers surface condition
type. Errors occur because the C-factor of the MMMF model does not consider the relative velocity
of the reference surface condition. The effect of the error is significant for elements with high runoff
velocities when the soil erosion rates are high. Owing to the slope dependence of runoff velocity,
increased slope of an element relates to greater overestimation.
3. Conclusions
The MMF model is a widely used semi-physically based soil erosion model because it includes
rigorous physical processes, easily understood features, and moderate data requirements. The newly
added features of Morgan and Duzant [9] consider the slope angle, subsurface water processes,
surface conditions, and characteristics of each soil particle type [10], which have the potential to
further strengthen the physical basis of the model. We identified three problematic formulations
related to the calculations of effective rainfall, interflow, and the C-factor of transport capacity, which
can produce inadequate results of runoff and soil erosion. In addition, we suggested alternative
formulations to provide more accurate estimations of runoff and soil erosion.
Acknowledgments: This study is part of the International Research Training Group “Complex Terrain and
Ecological Heterogeneity” (TERRECO) (GRK 1565/1) funded by the German Research Foundation (DFG).
The document was typed by LATEX using the modified class and bibliography style files provided by MDPI
(http://www.mdpi.com/authors/latex). The authors would like to thank Jean-Lionel Payeur-Poirier and
Anthony from Editage for English proofreading this manuscript.
Bibliography
1. Morgan, R.P.C.; Morgan, D.D.V.; Finney, H.J. A predictive model for the assessment of soil erosion risk.
J. Agric. Eng. Res. 1984, 30, 245–253.
2. Neitsch, S.L.; Arnold, J.G.; Kiniry, J.R.; Williams, J.R.; King, K.W. Soil and Water Assessment Tool
Theoretical Documentation Version 2009. Texas Water Resources Institute Technical Report No. 406,
Texas Water Resources Institute, 2011.
3. Morgan, R.P.C.; Quinton, J.N.; Smith, R.E.; Govers, G.; Poesen, J.W.A.; Auerswald, K.; Chisci, G.; Torri,
D.; Styczen, M.E. The European Soil Erosion Model (EUROSEM): a dynamic approach for predicting
sediment transport from fields and small catchments. Earth Surf. Process. Landforms 1998, 23, 527–544.
4. De Roo, A.P.J.; Wesseling, C.G.; Ritsema, C.J. LISEM: A single-event physically based hydrological and
soil erosion model for drainage basins. I: Theory, Input and Output. Hydrol. Process. 1996, 10, 1107–1117.
5. Nearing, M.A.; Foster, G.R.; Lane, L.J.; Finkner, S.C. A process-based soil erosion model for USDA-Water
Erosion Prediction Project technology. Trans. ASAE 1989, 32, 1587–1593.
6. Wischmeier, W.H.; Smith, D.D. Predicting rainfall erosion losses–a guide to conservation planning. In
Agriculture Handbook; Number 537, U.S. Department of Agriculture, 1978; pp. 1–58.
7. Renard, K.G.; Foster, G.R.; Weesies, G.A.; Porter, J.P. RUSLE: Revised universal soil loss equation. J. Soil
Water Conserv. 1991, 46, 30–33.
8. Morgan, R.P.C. A simple approach to soil loss prediction: a revised Morgan–Morgan–Finney model.
Catena 2001, 44, 305–322.
9. Morgan, R.P.C.; Duzant, J.H. Modified MMF (Morgan–Morgan–Finney) model for evaluating effects of
crops and vegetation cover on soil erosion. Earth Surf. Process. Landforms 2008, 32, 90–106.
10. Lilhare, R.; Garg, V.; Nikam, B. Application of GIS-Coupled Modified MMFModel to Estimate Sediment
Yield on a Watershed Scale. J. Hydrol. Eng. 2014, 20, C5014002.
11. De Jong, S.M.; Paracchini, M.L.; Bertolo, F.; Folving, S.; Megier, J.; De Roo, A.P.J. Regional assessment of
soil erosion using the distributed model SEMMED and remotely sensed data. Catena 1999, 37, 291–308.
12. Vigiak, O.; Okoba, B.O.; Sterk, G.; Groenenberg, S. Modelling catchment-scale erosion patterns in the East
African Highlands. Earth Surf. Process. Landforms 2005, 30, 183–196.
13. López-Vicente, M.; Navas, A.; Machín, J. Modelling soil detachment rates in rainfed agrosystems in the
south-central Pyrenees. Agric. Water Manage. 2008, 95, 1079–1089.
11 of 13
14. Pandey, A.; Mathur, A.; Mishra, S.K.; Mal, B.C. Soil erosion modeling of a Himalayan watershed using
RS and GIS. Environ. Earth Sci. 2009, 59, 399–410.
15. Li, C.; Qi, J.; Feng, Z.; Yin, R.; Guo, B.; Zhang, F.; Zou, S. Quantifying the Effect of Ecological Restoration
on Soil Erosion in China’s Loess Plateau Region: An Application of the MMFApproach. Environ. Manage.
2010, 45, 476–487.
16. Feng, T.; Chen, H.; Wang, K.; Zhang, W.; Qi, X. Modeling soil erosion using a spatially distributed model
in a karst catchment of northwest Guangxi, China. Earth Surf. Process. Landforms 2014, 39, 2121–2130.
17. Tesfahunegn, G.B.; Tamene, L.; Vlek, P.L.G. Soil ErosionPredictionUsingMorgan–Morgan–FinneyModel
in a GIS Environment in Northern Ethiopia Catchment. Appl. Environ. Soil Sci. 2014, 2014, Article ID
468751, 15.
18. Vieira, D.C.S.; Prats, S.A.; Nunes, J.P.; Shakesby, R.A.; Coelho, C.O.A.; Keizer, J.J. Modelling runoff
and erosion, and their mitigation, in burned Portuguese forest using the revisedMorgan-Morgan-Finney
model. For. Ecol. Manage. 2014, 314, 150–165.
19. Setiawan, M.A. Integrated Soil Erosion Management in the upper Serayu Watershed, Wonosobo District,
Central Java Province, Indonesia. PhD thesis, University of Innsbruck, Austria, 2012.
20. López-Vicente, M.; Quijano Gaudes, L.; Palazón Tabuenca, L.; Gaspar Ferrer, L.; Navas Izquierdo, A.
Assessment of soil redistribution at catchment scale by coupling a soil erosion model and a sediment
connectivity index (central spanish pre-pyrenees). Cuad. Invest. Geogr. 2015, 41, 127–147.
21. Sharon, D. The distribution of hydrologically effective rainfall incident on sloping ground. J. Hydrol.
1980, 46, 165–188.
22. Tani, M. Runoff generation processes estimated from hydrological observations on a steep forested
hillslope with a thin soil layer. J. of Hydrol. 1997, 200, 84–109.
23. Petryk, S.; Bosmajian, G. Analysis of flow through vegetation. J. Hydraul. Div., Am. Soc. Civ. Eng. 1975,
101, 871–884.
12 of 13
Supplemental Material
S1. Derivation of the corrected interflow equation using Darcy’s law
Let us assume that there is an amount of soil water equivalent to the daily mean soil water
over one year (SW; mm) in an element and that only soil water exerts a force on the element for the
interflow process (Figure S1).
w
l
SW
A
σa
S
Figure S1. Conceptual representation of soil water in an element. A, w, l, and S are the area (m2),
width (m), slope length (m), and slope angle (◦) of the element, respectively; SW (mm) is the daily
mean soil water over one year, and σa (m
2) is the cross-sectional area of SW.
The volumetric flux of soil water (JSW ; m
3 s−1) in the element can be derived from Darcy’s law
when the hydraulic conductivity (K) of the soil is given:
JSW = −
K · σa
ρ · g
·
∆P
l
, (S1)
where σa (m2) is the cross-sectional area of the soil water along the downslope direction, ρ (kgm−3) is
the density of the soil water, g (m s−2) is the gravitational acceleration, ∆P (Pa) is a pressure gradient
of the soil water for both sides of the element, and l (m) is the length of the soil water along the
downslope direction. Because pressure (P) is force ( f ; N) divided by the cross-sectional area, P can be
calculated as
P =
f
σa
. (S2)
The gradient of force (∆ f ; N) acting on both ends of the element can be derived from the volume of
the soil water (V′SW ; m
3), which is calculated as
V′SW = 0.001 · SW · A = 0.001 · SW · w · l, (S3)
where A (m2), w (m), and l (m) are the surface area, width, and length of the element, respectively.
The unit conversion factor of 0.001 is used to convert millimeters to meters. Because the gradient of
force depends on the gradient of the mass of both ends of the element, ∆ f is calculated as
∆ f = V′SW · ρ · g · sin (S), (S4)
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where S is the slope angle (◦) of the element. From equations (S1), (S2), (S3), and (S4), the volumetric
flux of the soil water can be simplified as
JSW = −0.001 · K · SW · w · sin (S). (S5)
Because the hydraulic conductivity during one day is defined as saturated lateral permeability (LP;
m/day) in the MMMFmodel, the volume of soil water flowing from the element (VSW.out) during one
day is
VSW.out = JSW · 1 (day) = (0.001 · LP · SW · w · sin (S)) · 1 (day). (S6)
Because the time step of one day affects only the unit of equation (S6), the interflow from the element
(IFcorrected; mm) as a quantity of volume per unit surface area can be calculated as
IFcorrected = 1000 ·
VSW.out
A
=
LP · SW · w · sin (S)
l
, (S7)
where 1000 is the unit converting factor from meters to millimeters. Therefore, we can use Darcy’s
law to obtain an identical equation as that in the main text that depends on slope length.
